Three-dimensional (3D) layer-by-layer graphene-gold nanorod (GNR) architecture has been constructed. The resulting hybrid nanomaterials' architecture has been tested for detecting hydrogen peroxide (H 2 O 2 ) through the electrocatalytic reaction on a three electrode disposable biosensor platform. Cyclic voltammetry and amperometry were used to characterize and assess the performance of the biosensor. The 3D layer-by-layer modified electrode exhibited the highest sensitivity compared to the active carbon, graphene-oxide, cysteine-graphene oxide and GNR coated electrodes. This research explored the feasibility of using the 3D hybrid graphene-GNR as a template for biosensor. The 3D hybrid structure exhibited higher sensitivity than GNRs alone. SEM showed the explanation that GNRs had self-aggregates reducing the contact surface area when coated on the active carbon electrode, while there were no such aggregates in the 3D structure, and TEM illustrated that GNRs dispersed well in the 3D structure. This research demonstrated a better way to prepare well-separated metal nanoparticles by using the 3D layer-by-layer structure. Consequently, other single and bi-metallic metal nanoparticles could be incorporated into such structure. As a practical example, 3D layer-by-layer nanomaterials modified active carbon electrode was used for detecting glucose showing very good sensitivity and minimum interference by ascorbic acid and uric acid in test solution, which indicated a good selectivity of the biosensor as well.
Introduction
Electrochemical biosensors are highly effective in detecting biomolecules due to the high sensitivity, real-time monitoring capability and low cost, compared to the relatively complex and expensive measurement techniques such as radioisotope tracing, NMR spectroscopy, and microfluorometry assay [12, 25, 18] . In recent years, electrochemical biosensors based on the enzymatic activity have received increasing interest, for its advantages of low cost, portability, fast response time, and ease-of-usage by non-specialist personnel [3] . Hydrogen peroxide (H 2 O 2 ) is an electrochemical active species produced by various oxidase enzymes. Thus, the measurement of H 2 O 2 in various enzymatic reactions can quantify the analyte for biomarker detections as shown in Eq. (1) [11] . The use of electrode or catalyst-modified electrode as a transducer was based on Eq. (2) of oxidation of H 2 O 2 :
However, the total sensitivity of biosensors based on traditional materials is hindered due to restrictions in mass transport, enzyme loading, and electrochemical coupling, limiting the potential for miniaturization. This affects the limitation of detection of the analyte as well. Unconventional nanomaterials with good biocompatibility and electrocatalytic activities have been widely incorporated in biosensors to overcome these shortcomings [13, 6, 16, 21] .
Metal nanoparticles (NP), particularly Au and Pt, have been used in the development of electrochemical sensors and biosensors based on their catalytic activities [31, 21] . They have the advantages of large surface-to-volume ratio and special binding site on the surface of nanoparticles, which lead to a fast communication between an enzymatic process and a nanoparticle response for signal transduction in biosensing or for catalytic reactions [2] .
PtNPs has superior sensitivity because of its enhanced electron transfer and reduction of overpotential for H 2 O 2 oxidation [9, 30] . However, electrodes modified with pure PtNPs requires a relatively high electrochemical potential (ca. +0.7 V versus Ag/AgCl) to oxidize H 2 O 2 generating the oxidation current. At relatively high potential, it will oxidize ascorbic acid (AA) and uric acid (UA) in human blood resulting in an interference of the detection of the analyte (e.g. glucose) [4] . Hence, gold nanoparticles (GNPs) are considered to be another potential candidate based on its good performance in H 2 O 2 related sensors with lower potential [5] . Different from spherical GNP, gold nanorods (GNR) introduces more interesting functions based on its anisotropic shape having unique localized surface plasmon resonance (LSPR), which brings applications in cancer diagnosis and monitoring local environment changes [8, 1] . This can potentially expand the diversity of biosensors. However, owing to its anisotropic shape, GNR tends to self-aggregate during surface processing forming side-by-side assemblies [19, 27] Therefore, it is desirable to introduce selected conducting materials to support the GNR in order to induce decent dispersity.
Carbon nanomaterials are excellent candidates as the supporting materials for metal NPs due to their unique structural, electrical, and mechanical properties [20, 22] . The carbon nanomaterials can enhance the available electrochemical active surface area of electrocatalyst and provide high mass transport of reactants to the electrocatalyst. Among these carbon materials, graphene is a two dimensional monolayer of carbon atoms with high surface area, chemical stability, and thermal stability, making it as a useful substrate for electronics [24] . However, graphene sheets are difficult to exfoliate because their planar polycyclic aromatic structures favor tight packing as a result of strong p-p interactions. Also, even the graphene sheets are destacked, they can only support metal NPs on its two sides and these individual graphene-metal NP hybrid structures may lack connection to each other. Therefore, it requires a 3D structure to enhance the loading of metal NPs and interconnection between the metal NPs. In our previous work, a 3D graphene-GNR layer-by-layer nanostructure was constructed [28] . The GNRs dispersed well and linked the conductive reduced graphene layers through stable covalent Au-S bond in this 3D structure. Therefore, this architecture possesses ideal large surface area and conductive pathways for biosensing.
In this study, the prepared 3D layer-by-layer graphene-GNR hybrid nanomaterial was coated on a thick film screen-printed active carbon powder electrode as a single-use, disposable biosensor for testing H 2 O 2 . The performance of GNR without supporting graphene layers was tested for comparison through electrochemical analytical techniques, such as cyclic voltammetry (CV) and amperometric measurements. The interference test was executed by detecting glucose in the presence of AA and UA showing the selectivity performance of this biosensor.
Experimental

Materials and instruments
All chemicals and solvents were purchased from commercial suppliers and used without further purification. HAuCl 4 was 30 wt% in diluted HCl solution. UV-visible spectra were collected on a PerkinElmer Lambda 25 UV-Vis spectrometer at the resolution of 1 nm. For transmission electron microscopy (TEM) observation, solution samples were first dispersed on TEM Cu grids pre-coated with thin holey carbon film (Cu-400 HN) purchased from Pacific Grid Tech. After completely dried, they were digitized using a FEI Tecnai TF20 FEG TEM equipped with a Gatum 4 k UltraScan CCD camera. For scanning electron microscopy (SEM), it was obtained in a FEI Quanta 450 FEG SEM. All the experiments were conducted at room temperature. Phosphate buffer solution (PBS) (0.1 M) of pH 7.4 solution was prepared with 0.15 M KCl as the supporting electrolyte, and KH 2 PO 4 , K 2 HPO 4 , and deionized water were used in appropriate portions.
Preparation of the 3D layer-by-layer hybrid structure
The 3D layer-by-layer nanostructure was prepared as described in supporting information. The characterization of the 3D layer-bylayer structure will be discussed in Section 3.1. Fig. 1 shows steps of the synthesis of this 3D layer-by-layer hybrid structure.
Electrochemical measurements
Prior to experiments, PBS was first deoxygenated with nitrogen gas. The structure and dimensions of this biosensor prototype is shown in Fig. 2 . Solutions of GO, GO-Cys, GNR, GO-Cys-GNR were drop cast on the working electrode. During preparation, the concentration of GNRs in solutions of GNR and GO-Cys-GNR was maintained same (ca. 0.02 mg/ml). After drying, PBS solution containing various amount of H 2 O 2 was drop casted (6 ll) on the center part covering all the electrodes. A work station (CHI 660C, CH Instrument, Inc., Austin, TX) was used for cyclic voltammetry and amperometry investigations. Cyclic voltammetric studies were arranged over a voltage range of À0.2 V to + 1.2 V versus Ag/AgCl reference with a voltage scan rate of 0.1 V/s. 
Results and discussion
Characterization of 3D GO-Cys-GNR nanohybrid
In Fig. 1 , the functionalization of GO and subsequent preparation of 3D layer-by-layer graphene-GNR (GO-Cys-GNR) hybrid nanostructure are depicted. The experimental details are provided in supporting information. When the primary amine reacts with GO, there might be multiple reactions occurring simultaneously. Consequently, the major reaction under this condition involved the amine groups opening the epoxy groups through easy ringopening reaction. A possible reaction mechanism was ascribed to nucleophilic attack at the a-carbon by the primary amine, leaving an open hydroxyl group. This had been demonstrated in the reaction of GO with octadecylamine [23, 29] . After the preparation of GO-Cys, GNRs were added to attach onto GO-Cys layers via Au-S linkages. Anisotropic GNRs: 14.6 Â 44.3 nm was used in this process. This average size of GNRs was based on counting 500 individual nanoparticles. Before adding GNRs, GO-Cys could not fully precipitate during centrifugation due to its relatively light weight, leaving a dark black solution as the top layer. After adding GNRs the assembled hybrid structures were heavier, and most of the GO-Cys then precipitated in the bottom during centrifugation, leaving a colorless top layer solution. The synthesis was also traced by UV-vis spectra as shown in Fig. S1 . Pristine GO showed a typical absorption peak at 230 nm and this peak shifted to 253 nm after reaction with cysteine, which was similar to other reduction reaction [15] Typical LSPR of GNRs appeared after further combining with GO-Cys. There appeared peaks at ca. 520 nm and a peak at 705 nm, corresponding to the transverse and longitudinal LSPR respectively.
The critical role of cysteine in the successful binding of GNRs and GO was confirmed by TEM and is shown in Fig. S2 . To confirm GNRs reacted with GO-Cys in solution, a reference sample was prepared by mixing GNRs with pristine GO solution under the same condition. A droplet of each mixture was deposited on a holey lacey carbon coated TEM grid. Suspended films could be observed on some of the holes of the grid. Fig. S2A shows that without the linking thiol group provided by cysteine, the GNRs tend to aggregate and do not disperse well. In contrast, for 3D layer-by-layer structure, the GNRs are attached to the GO-Cys in a uniform well-dispersed manner (Fig. S2B) .
The structure of GO changed after functionalization with cysteine, the GO and GO-Cys were analyzed by Raman, XPS, and molecular simulation in our previous reported study [28] . The 3D layer-by-layer hybrid architecture was characterized and confirmed by TEM by tilting the carbon film coated samples as shown in Fig. 3. 
Electrochemical characterization and performance
The electrochemical performance of the thick film screenprinted active carbon working electrode coated with GO, GO-Cys, GNR, GO-Cys-GNR were investigated by CV using PBS containing H 2 O 2 (0.1 mM) as the benchmark redox reactions [26] . Enzymatic produced H 2 O 2 shown in Eq. (1) was oxidized at an appropriate electrochemical potential. The oxidation current of the generated H 2 O 2 quantified the concentration of the analyte stochiometrically. In order to assess the modified working electrodes for the detection of H 2 O 2 , experiments were conducted by measuring H 2 O 2 (0.1 M) in pH 7.4 PBS with KCl as a supporting electrolyte. The scanned potential range was between À0.2 V and +1.2 V versus SCE for 10 cycles with a voltage scan rate of 0.1 V/s.
As shown in Fig. 4 , the current densities for pure active carbon electrode and coated with GO and GO-Cys carbon electrode were relatively low. However, the GNRs and GO-Cys-GNRs coated carbon working electrodes exhibited significantly increases in current densities. This suggested that metal NPs-based sensor electrodes gave increased current response, and with higher sensitivity and selectivity for H 2 O 2 sensing [7, 4] . The reduction peaks appeared at 0.3 V for the GNR and GO-Cys-GNR electrodes as shown in Fig. 4 , indicated enhanced electron and mass transfer due to the increased surface area and lower electric resistance of these modified electrodes. Based on the same weight percent of GNR used, the 3D GO-Cys-GNR showed a better electrochemical performance and this was ascribed to the potentially increased contact area of GNRs within.
Amperometric measurement of H 2 O 2
The performances of the modified active carbon electrode were also evaluated by the amperometric detections of H 2 O 2 . Fig. S3 shows the amperometric responses of these modified electrodes at different H 2 O 2 concentrations in PBS over the concentration range of 0-0.5 mM H 2 O 2 . The electrodes coated with GNR and GO-Cys-GNR show enhanced oxidation current outputs resulting by the relatively good electronic conductivity and good catalytic activity contributed by GNRs. The applied potential is +0.35 V versus Ag/AgCl. A stable steady-state amperometric response was obtained at 120 s. For GNR and GO-Cys-GNR modified electrodes, further studies on H 2 O 2 detections were undertaken. Two ranges of H 2 O 2 concentrations, 0-0.04 mM, and 0-5.0 mM were used based on the physiological meaningful detection range of H 2 O 2 [14] . Fig. 5 shows the experimental results. Both GNR and GOCys-GNR modified electrodes showed improved performance compared to pure active carbon electrode. At lower H 2 O 2 concentration range, the GNR amperometric sensor responded rapidly achieving 90% of the steady-state current within 10 s in average while the GO-Cys-GNR took longer time to reach stable state. Fig. S4 shows the current output of GNR and GO-Cys-GNR modified electrodes responding to H 2 O 2 was linear over a low H 2 O 2 concentration range. There were good linear relationships between the current outputs of the biosensor and H 2 O 2 . The sensitivity and the detection limit (LOD) were 0.418 lA mM À1 cm À2 , 2.9 lM for GNR, and 0.648 lA mM À1 cm À2 , 2.9 lM for GO-Cys-GNR, respectively. The LOD was calculated based on the signal to noise ratio (S/N = 3). GO-Cys-GNR showed higher sensitivity, which indicated a better performance in H 2 O 2 sensing.
The GO-Cys-GNR exhibited a larger current output than GNR but a slower response to reach the stable state. This was due to the 3D structure which could increase the GNR surface area by preventing self-assembling, whereas it required longer time for H 2 O 2 in solution to diffuse onto the GNRs, particularly those inside the 3D structure as illustrated in Fig. 6 . Fig. 6 also shows the SEM of these two electrodes coated by GNRs and Go-Cys-GNR. Different surface structures were obvious. GNRs showed intensive aggregates when coated on the carbon electrode. There were no GNR aggregates in GO-Cys-GNR as GNRs were dispersed inside the 3D structure. The pieces of graphene sheets and the spread a few GNRs on the surface could be observed.
Compared to other biosensors e.g. ( [14] ), the current intensity is very low here. To explain this, one reason is ascribed to the low concentration of GNRs and graphene materials in solution (see supporting information). For the second reason, the resistance of the electrodes and coated materials are high: the resistance of the active carbon electrode and its coated with different materials were showed in Fig. S5 , X indicated the measuring of different materials with a certain distance. For each sample five measurements were performed. Since the whole electrode with a long Ag strip has a high resistance of 0.68 kX, the overall current intensity is much lower than that of directly used glassy carbon electrode [14] . Compared to GNR, 3D GO-Cys-GNR had a lower average resistance, and a smaller standard deviation for 5 measurements: GOCys-GNR: 254 X, 69 and GNR: 673 X, 203, respectively. This is because GNR had assemblies with poor dispersion on the electrode, whereas GO-Cys-GNR was much uniform showing better conductivity and lower standard deviation.
Interference tests
Glucose is one of the important biochemical substrates for cellular catabolism, and glucose biosensors based on enzymatic recognition by glucose oxidase have been extensively used in diabetes diagnostics [10] and b-cell physiology study [17] However, the potential interferences from other physiological species such as ascorbic acid (AA) and uric acid (UA) are always a concern for H 2 O 2 based electrochemical biosensors. The typical physiological concentration of glucose in human blood is 4-5 mM, and of AA and UA in human blood are 0.125 mM and 0.33 mM, respectively [30] . Therefore, an ideal glucose biosensor needs to have high sensitivity to glucose but does not have any response to UA and AA. Here is the assessment of the interference study of a glucose biosensor: Fig. S6 shows the responses of GO-Cys-GNR coated active carbon electrode to the solution of glucose at 4 mM, and to the continual addition of AA at 0.125 mM and UA at 0.33 mM. The results showed a maximum of 1.7% of the biosensor current output contributed by the AA and UA at these concentrations. Hence, the interference of AA and UA to this GO-Cys-GNR coated thick film screen-printed carbon electrode is relatively small and acceptable.
Conclusions
3D layer-by-layer graphene-GNR hybrid nanomaterial was synthesized and coated on a thick film screen-printed active carbon of a single use, disposable biosensor. The coating of 3D graphene-GNR layer-by-layer nanostructure on the active carbon electrode enhances the biosensor performance of detecting H 2 O 2 through its electro-catalytic reaction. Cyclic voltammetry and amperometry were used to characterize the performances of the biosensor. The mechanism of the performance of the 3D hybrid structure was assessed and the 3D nanostructure increased the contact area of GNR by effectively reducing self-assemblies. The 3D graphene-GNR layer-by-layer modified biosensors showed good response to glucose and with very limited interference by ascorbic acid and uric acid in solution. The technique demonstrated here may become a valuable addition to the catalog of biosensors. A metal nanoparticle with higher catalytic capability such as PtRu [14] , will further enhance the selectivity and sensitivity of this biosensor if incorporated into this 3D nanostructure.
